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A B S T R A C T
Helium plays an important role in determining nuclear fuel performance both in-pile (especially for MOX fuels
and those at high burnup) and in storage conditions. Predictive models of helium behaviour are therefore a
fundamental element in fuel performance codes. These models are based on the accurate knowledge of helium
diffusivity (addressed in a previous paper, Luzzi et al. (2018)) and of helium solubility in oxide nuclear fuel.
Based on all the experimental data available in the literature and after verification of the validity of Henry’s law
we propose two correlations for Henry’s constant, k (at m MPa )H 3 1 :=k kT1. 8·10 exp( 0. 41/ )H 25 for powders and=k kT4.1·10 exp( 0. 65/ )H 24 for single crystals,
with the Boltzmann factor 1/kT in (eV 1). The correlation for Henry’s constant in powder samples is of
interest for the analysis of helium behaviour in the fuel after the pulverization occurring during LOCA-like
temperature transients, while the correlation for Henry’s constant in single-crystals is usable in meso-scale
models describing helium behaviour at the level of fuel grains. The current lack of data for this fundamental
property, especially for poly-crystalline samples, calls for new experiments.
1. Introduction
An accurate knowledge of helium behaviour is fundamental for
evaluating the nuclear fuel performance both in operating and in sto-
rage conditions. After production by ternary fissions, (n, )-reactions
and -decay (Botazzoli, 2011; Federici et al., 2007), helium is either
released from the fuel, increasing the fuel rod internal pressure, or re-
tained in the fuel. In the latter case, the behaviour of helium and the
other inert gases produced by fissions (xenon and krypton) within the
matrix of nuclear fuel grains can be considered as a two-step process
(Olander, 1976; Matzke, 1980). The first step is the formation of a
population of intra-granular bubbles, exchanging gas with the matrix
through the trapping and the re-solution mechanisms (absorption into
bubbles and release from the bubbles into the matrix, respectively). The
second process is the diffusion of single gas atoms generated in the fuel
grains towards the grain boundaries. At the grain boundaries, the in-
flow of the fission gas atoms, which is controlled by the diffusivity and
the solubility, leads to the growth of inter-granular bubbles, whose
interconnection contributes to the fission gas release. The volume oc-
cupied by both intra- and inter-granular bubbles contributes to the
gaseous swelling of the fuel (White and Tucker, 1983; Van Uffelen,
2002; Pastore et al., 2018; Barani et al., 2017; Pizzocri et al., 2018).
In general, helium is used as filling gas (typically at a pressure of
20 bars) in the fuel rods of light water reactors (LWRs). During the first
several months of operation, helium initially loaded in the fuel rod free
volume can be absorbed into UO2 (Vinjamuri and Owen, 1980) (this process
depending on the helium pressure, on the fuel temperature and porosity).
Another complex issue to face is represented by the large quantities
of helium produced in the spent fuel matrix due to -decaying actinides
(Ferry et al., 2006). In fact, the accumulation of helium linked to
-damage creates bubbles at grain-boundaries, which may affect the
spent fuel mechanical properties and could eventually cause loss of
grain cohesion, with the ultimate risk of reducing the spent fuel pellet
to powder (Sattonnay et al., 2006; Wiss et al., 2014; Eyal and Fleischer,
1985; Poinssot et al., 2005). On the other hand, if helium is released
from the spent fuel matrix, it could increase the internal pressure on the
cladding (representing the first confinement barrier) and lead to its
rupture (Freyss et al., 2006).
Therefore, in view of the crucial role played by helium in nuclear fuel,
in the last fifty years several experiments have been performed to in-
vestigate its key properties: the diffusivity (Belle, 1961; Rufeh, 1964;
Rufeh et al., 1965; Sung, 1967; Trocellier et al., 2003; Guilbert et al., 2004;
Roudil et al., 2004; Ronchi and Hiernaut, 1967; Martin et al., 2006; Pipon
et al., 2009; Nakajima et al., 2011; Garcia et al., 2012; Talip et al., 2014a;
Luzzi et al., 2018) and the solubility (Belle, 1961; Hasko and Szwarc,
1963; Rufeh, 1964; Rufeh et al., 1965; Sung, 1967; Blanpain et al., 2006;
Maugeri et al., 2009; Nakajima et al., 2011; Talip et al., 2014b).
In this work, we derive new correlations for helium solubility based
on an extensive overview of all the experimental results available in the
open literature. The complementary work on helium diffusivity in oxide
nuclear fuel has been already addressed in a previous paper (Luzzi
et al., 2018). After the verification of the validity of Henry’s law for the
He-UO2 system and the classification of the resulting data on the basis
of the sample microstructure, we derive empirical correlations for
Henry’s constant of helium in uranium dioxide.
2. Methodology
In this work, as first step, we have verified that helium solubility in
UO2 systems can be described by Henry’s law as reported in Section 4.
To this purpose, we have selected a consistent set of experimental data
and verified that the solubility is linearly proportional to the pressure at
fixed temperature. Secondly, the experimental data available in the
open literature have been classified on the basis of the microstructure of
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the measured samples, obtaining two new correlations with limited
application scope (as explained in Section 4). In principle, classifica-
tions based on different parameters, such as the O/M ratio, the initial
porosity and the density of the samples, can also be made. However, not
all the studies in literature report the necessary data, making a more
elaborate analysis not trivial. In general, in literature several experi-
mental (Belle, 1961; Hasko and Szwarc, 1963; Rufeh, 1964; Rufeh
et al., 1965; Sung, 1967; Blanpain et al., 2006; Maugeri et al., 2009;
Nakajima et al., 2011; Talip et al., 2014b) and theoretical studies
concerning the behaviour of helium in nuclear fuel are available
(Olander, 1965; Grimes et al., 1990; Crocombette, 2002; Petit et al.,
2003; Garrido et al., 2004; Freyss et al., 2006; Parfitt and Grimes, 2008;
Yun et al., 2009; Gryaznov et al., 2010; Yakub et al., 2010; Yakub,
2011; Noirot, 2014). Unfortunately, only few theoretical analyses
(Olander, 1965; Yakub et al., 2010; Yakub, 2011; Noirot, 2014) provide
a solubility value that is even calculated with very different approaches.
For this reason, we have decided to derive the correlations to be im-
plemented in physics-based models only on the basis of experimental
data. To minimize the influence of outliers, we have fitted the available
experimental data using a robust regression method, namely the least
absolute residuals (LAR) procedure (Heiser, 1987). The LAR method
finds a curve that minimizes the absolute difference of the residuals,
rather than the squared differences. Therefore, extreme values have a
lesser influence on the fit.
3. Overview of available data
All the measurements of helium solubility have been performed by
infusion and, as discussed in Section 2, have been classified only on the
basis of the microstructure. The sample to be infused is kept for a
certain infusion time at a fixed helium pressure and temperature. If the
infusion time is enough, equilibrium is reached, and the infused helium
concentration corresponds to the solubility. Tables 1 and 2 report all
the experimental results available in literature.
Helium solubility in uranium dioxide has been also studied theo-
retically by Olander (1965), Yakub et al. (2010), Yakub (2011), and
more recently by Noirot (2014). Olander (1965) derived the helium
solubility in UO2 directly from atomic properties, basing the calcula-
tions upon a statistical-mechanical formula which assumes dissolved
helium to behave as a simple harmonic oscillator in an interstitial site in
the UO2 lattice. Furthermore, Yakub et al. (2010) and Yakub (2011)
performed molecular dynamics (MD) simulations determining the he-
lium solubility in UO2 as a function of temperature and UO2 stoichio-
metry. Two-box MD simulations were performed in a wide range of
helium pressures from those achieved in infusion experiments (a few
MPa) up to 4 GPa, as reported in Yakub (2011). The comparison of the
simulation results for stoichiometric UO2 with existing measurements
shows a good agreement with the experimental data of helium solubi-
lity in single crystals and a maximum discrepancy of± 1% with the
correlation for Henry’s constant in single crystal proposed in this work.
In addition, no essential deviations from the linear dependence of so-
lubility on pressure was found up to around 0.5 GPa. Recently, Noirot
(2014) derived the theoretical value for Henry’s constant applying to
helium in interstitial positions in UO2 a method devised to calculate the
equilibrium concentration of point defects and gas atoms in the vicinity
of a bubble in UO2. Noirot performed the calculations for different in-
corporation energies of an helium atom in an interstitial position and
for different activation energies for the diffusion of helium in UO2,
obtaining consistent results with both the molecular dynamics compu-
tation and the experimental data, and with a maximum discrepancy
Table 1
Comparison of the helium solubility in UO2 powder.
Reference Sample He infusion pressure (MPa) Solubility (at m 3) Temperature (K)
Belle (1961) UO2 powder (≈0.16 μm) 0.1 2.13 ·1022 1073
Hasko and Szwarc (1963) UO2 powder 11 9.91·1022 1073
Bostrom (as reported by Rufeh (1964)) UO2 powder (≈0.15 μm) 0.1 6.59·1022 1073
0.1 3.08·1022 1273
Rufeh et al. (1965) UO2 powder (≈4 μm) 10 1.81·1025 1473
5 4.52·1024 1473
10 8.72·1024 1573
Blanpain et al. (2006) UO2 powder (≈10 μm) 0.2 1.26·1023 1273
0.2 1.14·1023 1473
0.2 1.07·1023 1573
Table 2
Comparison of the helium solubility in UO2 single crystals.
Reference Sample He infusion pressure (MPa) Solubility (at m 3) Temperature (K)
Hasko and Szwarc (1963) UO2 single crystal 11 1.65·1022 1073
Sung (1967) UO2 single crystal (≈1 μm) 4.8 1.34·1023 1473
6.9 2.61·1023 1473
9.0 3.35·1023 1473
4.8 1.72·1023 1623
6.9 3.13·1023 1623
9.0 4.05·1023 1623
4.8 2.02·1023 1773
6.9 4.05·1023 1773
9.0 5.83·1023 1773
Blanpain et al. (2006) UO2 single crystal (≈10 μm) 0.2 1.07·1022 1573
Maugeri et al. (2009) UO2 single crystal 100 1.38·1023 1523
100 2.16·1023 1743
Nakajima et al. (2011) UO2 single crystal (≈18 μm) 90 1.03·1025 1473
Talip et al. (2014b) UO2 single crystal 98.7 1.99·1023 1500
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of± 1% with our correlation for single crystals (shown in Section 4).
4. Results and discussion
As shown in Fig. 1, it has been verified that solubility is proportional
to infusion pressure and the system He-UO2 obeys Henry’s law (Fig. 1)
(Rufeh, 1964; Rufeh et al., 1965; Sung, 1967; Maugeri et al., 2009;
Nakajima et al., 2011):=C k ps H (1)
whereCs (atm 3) is the solubility, kH (atm 3 MPa 1) is Henry’s constant
and p (MPa) is the infusion pressure.
The collected experimental results appear divided in two clusters of
data, corresponding to the categorization based on the sample micro-
structure (Fig. 2). In detail, the cluster in the upper region of the plot
includes the powder samples, while the other one in the lower region of
the plot includes the single crystal samples.
Despite the large scatter of the experimental results for the helium
solubility in uranium dioxide, the resulting clustering of the data (not
further critically evaluated here) motivated the derivation of two
distinct correlations in the form =k AH exp B kT[ / ]. The best estimate
correlation for Henry’s constant in the powder samples is:
=k
kT
1.8·10 exp 0. 41H 25 (2)
where kH (at m 3 MPa 1) is Henry’s constant, k (eV K 1) the Boltzmann
constant and T (K) is the temperature. On the other hand, the best es-
timate correlation for Henry’s constant in the single crystal samples is:
=k
kT
4.1·10 exp 0. 65H 24 (3)
Table 3 reports the fitting parameters with the related uncertainties1
We calculated the uncertainty on the prediction of the solubility by
propagating the uncertainty of each fitting parameter. The resulting
uncertainty is of the order of a factor of one thousand (×1000) for each
correlation herein proposed, while the uncertainty of the fit made
Fig. 1. Comparison of theoretical plot of Henry’s law C = k ps H with experimental results for He-UO2 system. In detail, the dots are the experimental values for the
helium solubility in UO2 obtained by Sung (1967), while each line represents the linear regression calculated for the data measured at the same temperature.
Fig. 2. Plot of the experimental Henry’s constant of helium in UO2 classified depending on the microstructure of the sample (i.e., blue for the powder samples and red
for the single crystal samples). Each cluster is fitted by a distinct correlation (bordeaux and blue navy).
1 These fitting parameters have been derived applying the LAR (Least
Absolute Residuals) method.
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considering all the data is a factor of ten thousands (×10,000). The
proposed categorization therefore allows for a reduction of un-
certainties of a factor of ten.
Regarding the applicability, the correlation derived fitting the data
concerning the powder samples is usable for the analysis of the helium
behaviour in the fuel after the pulverization occurring during LOCA-like
temperature transients (Bianco et al., 2015; Cappia, 2017). On the other
hand, the correlation proposed for Henry’s constant in single crystals is
of interest for calculations in meso-scale models dealing with fuel at
grain level (like models used in the fuel performance codes for the
description of fission gases referring to the fuel grain scale).
Fig. 2 reports all the experimental results analyzed in this work,
together with the herein derived correlations for Henry’s constant of
helium in UO2. The overall range of temperature covered by the
available data is 1073–1773 K.
5. Conclusions
We made an overview of all the experimental results for the helium
solubility in UO2 available in literature. Two clusters emerged based on
the microstructure of the measured samples, i.e., powders vs. single
crystals. The clustering of the experimental results motivated the de-
rivation of two distinct correlations for Henry’s constant as a function of
temperature. Recommendations are provided for each new proposed
correlation in terms of applicability. This allows obtaining a powder
solubility value suitable for describing the helium behaviour in the fuel
after his pulverization, and a single crystal solubility value suitable for
describing the helium behaviour inside a grain (i.e., for meso-scale
models). New experiments would be of great interest, to reduce the
uncertainty associated with these correlations and to fill the lack of data
concerning the helium solubility in polycrystalline samples with further
varying temperatures, oxygen potential and irradiation damage levels.
It would be of interest investigating the solubility of helium at higher as
well as lower temperatures (for the simulation of nuclear fuel in storage
conditions) as more experimental data will become available. Indeed, it
would also be interesting to derive a correlation for polycrystalline
samples in order to describe the helium behaviour on a macroscopic
scale (e.g., in a UO2 pellet).
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